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Many natural and synthetic estrogens are amenable to oxidation through the catalytic action of oxidative enzymes such as the
fungal laccase Trametes versicolor. This study focused on characterizing the conversion of estradiol (E2) using laccase that had been
immobilized by covalent bonding onto silica beads contained in a bench-scale continuous-ﬂow packed bed reactor. Conversion of
E2 accomplished in the reactor declined when the temperature of the system was changed from room temperature to just above
freezing at pH 5 as a result of a reduced rate of reaction rather than inactivation of the enzyme. Similarly, conversion increased
when the system was brought to warmer temperatures. E2 conversion increased when the pH of the inﬂuent to the immobilized
laccase reactor was changed from pH 7 to pH 5, but longer-term experiments showed that the enzyme is more stable at pH 7.
Results also showed that the immobilized laccase maintained its activity when treating a constant supply of aqueous E2 at a low
mean residence time over a 12-hour period and when treating a constant supply of aqueous E2 at a high mean residence time over
a period of 9 days.
1.Introduction
Endocrine disruption is a problem of increasing environ-
mental importance, as evident by anomalies that have been
discovered in wildlife exposed to a variety of exogenous
toxic compounds released into the aquatic environment via
municipal and industrial eﬄuents and agricultural runoﬀ
[1, 2]. Estrogens excreted by humans and entering aquatic
systems via sewage treatment plants are of particular interest
since estrogen excretion cannot currently be controlled at
the source, and estrogens are among the most potent known
endocrine disruptors [3].
Particularly problematic estrogens include the natural
estrogens 17β-estradiol (E2), estriol (E3)a n de s t r o n e( E 1)
and also the synthetic estrogen 17α-ethinylestradiol (EE2),
which is the active ingredient in birth control pills and other
therapeutic reagents. Such compounds are frequently found
in wastewaters and in surface waters in quantities that are
in excess of their predicted no-eﬀect concentrations [4]a n d
are reportedly responsible for the majority of the estrogenic
activity of municipal wastewaters [5, 6]. Given that these
estrogens are phenolic compounds, they are amenable to
oxidation through the catalytic action of a variety of
oxidative enzymes [4]. Thus, it has been postulated that
there is potential for applying enzymes to treat problematic
estrogens commonly found in waste streams [4, 7–9].
The recognition of this potential has recently prompted
researchers to explore the technical feasibility of this process.
Much of this work was directed toward evaluating the ability
of plant peroxidases and fungal laccases to treat aqueous-
phase estrogens in bench-scale batch reactors (e.g., [4, 10]).
While peroxidase enzymes have demonstrated relatively high
redox potentials and can achieve appreciable conversion of
their target substrates, even at very low concentrations in
the nanomolar to micromolar range [4, 9, 11], their catalytic
activity requires the use of hydrogen peroxide as an oxidant.
In contrast, laccase enzymes have a lower redox potential,
but have the advantage of using readily-available molecular
oxygen as an oxidant [12]. Also, substrate conversion can be
enhanced when laccase is used in conjunction with various2 Enzyme Research
noncatalytic cooxidants known as mediators [13]. Of the
many laccases that may be selected as candidate enzymes
for treatment processes, laccase from Trametes versicolor
exhibits amongst the highest redox potentials [14] and has
demonstrated a very good ability to remove substrates such
as phenol, bisphenol A, and the estrogens E2,E E 2,a n dE 3
from aqueous solutions [10, 12, 15].
The use of enzymes for wastewater treatment has many
potential advantages including the substrate speciﬁcity of
enzymes,nosusceptibilityofthebiocatalysttoshock-loading
eﬀects (i.e., since it is a biochemical system rather than a
biological system), high rates of reaction, eﬃcient use of
oxidants, and eﬀective treatment at low substrate concen-
trations [16, 17]. While the use of enzymes for converting
waste compounds has many advantages, there are also some
drawbacks that could limit their application, such as the
gradual inactivation of the enzyme over time, inactivation
of the enzyme due to side reactions in reacting mixtures,
and interference of wastewater contaminants with enzymatic
reactions [18]. Moreover, when the aqueous enzyme is used
to treat contaminants in waste streams, the high cost of
continually discarding the enzyme with treated solutions
may be particularly prohibitive.
In earlier work with peroxidase and laccase, these
enzymes were found to be quite robust in terms of their
ability to catalyze the oxidation of substrates in the presence
of many wastewater contaminants and under wide ranges
of pH and temperature [15, 18, 19]. Inactivation was
found to occur with both types of oxidase enzymes, but
rates of inactivation were found to be low when substrate
concentrations were low [4, 20, 21]. These ﬁndings are quite
promising in terms of the treatment of estrogens that are
present in wastewaters at very low concentrations. However,
the losses associated with the release of the soluble enzymes
in the treated eﬄuents still represent a signiﬁcant limitation
that must be addressed in order to minimize catalyst costs.
Thus, it is hypothesized that immobilizing the enzymes
onto a solid support for continual use in a reactor system
could mitigate some of these problems. Immobilization is
a process whereby enzyme is attached or adsorbed onto a
water-insoluble matrix, thereby, retaining the enzyme in a
reactorandexposing it toa continuous ﬂow ofsubstrateover
time.
In order to attempt to minimize the amount of enzyme
required to achieve eﬀective treatment of estrogens, the
objective of the present study was to characterize the
conversion of E2 using T. versicolor laccase immobilized onto
controlled porosity silica beads and used in a small-scale
ﬂow-through reactor. E2 was chosen as a model substrate
becauseitis the mostpotent ofthe naturalfemalehormones,
and previous studies found very promising trends in the
conversion of this and other estrogens [4, 10, 22]. The
impactsofthefollowingsystemconditionsontheconversion
of 17β-estradiol (E2) by laccase immobilized in a packed
bed reactor were investigated: pH, contact time, initial
E2 concentration, and temperature. The stability of the
enzyme over time and under varying conditions of pH and
temperature was also studied.
All experiments were conducted using inﬂuent E2 con-
centrations much higher than that which are typical of
wastewater treatment plant inﬂuents; that is, experiments
were conducted in the mg/L range, whereas E2 has been
f o u n di nt r e a t m e n tp l a n te ﬄuents in the ng/L range [23].
This was done in order to establish clear and informative
trends, while working within the conﬁnes of available ana-
lytical equipment. However, the inﬂuent E2 concentrations
used in experiments are quite close to those found in human
female urine and so the results may be relevant if treatment
were to be performed at the source [24].
2.MaterialsandMethods
2.1. Chemicals and Reagents. Laccase from T. versicolor (EC
1.10.3.2) was purchased from Fluka (Ronkonkoma, NY).
The nominal activity quoted by the manufacturer was
0.72U/mg, where 1 unit (U) corresponds to the amount of
enzyme which converts 1μmol of catechol per minute at
pH 6.0 and 25◦C. The dry enzyme powder was stored in a
sealed container in a refrigerator at 4◦C until needed. 17β-
estradiol (E2)( >98% purity) was purchased as a dry powder
from Sigma-Aldrich (St. Louis, MO). Concentrated stock
solutions of E2 were prepared in methanol and stored in
ar e f r i g e r a t o ra t4 ◦C until needed. Glutaraldehyde solution
(25%, Grade II), glycine, and American Chemical Society
(ACS) grade phosphoric acid (85% in water) were purchased
from Sigma-Aldrich (St. Louis, MO). Sodium chloride and
boric acid powder were purchased from Fluka (Ronkonkona,
NY). Sodium hydroxide (1N) and sulphuric acid (1N) were
purchased from Fisher (Fair Lawn, NJ). Glacial acetic acid
(HPLC grade) was purchased from Caledon Laboratories
(Georgetown, ON). Britton-Robinson buﬀer was used to
maintain the desired pHs of all reaction solutions. The buﬀer
consisted of a solution of 0.1M acetic acid, 0.1M boric
acid, and 0.1M phosphoric acid, which was then adjusted
to the desired pH by addition of 1N sodium hydroxide. All
reagents and buﬀers were prepared using distilled-deionized
water produced using a D4741 Nanopure Water System from
Barnstead/Thermolyne (Dubuque, IA).
Methylene blue powder purchased from Anachemia (St-
Laurent, QC) was used in all tracer studies. A concentrated
methylene blue solution was prepared in distilled water
and stored until needed. More dilute solutions of 4.8mg/L
concentration were prepared in distilled water on the day of
the tracer study.
CPC- (controlled porosity carrier-) silica carrier silane-
coated beads were purchased from Fluka (Ronkonkona,
NY). As indicated by the manufacturer, these beads were
derivatized with 3-aminopropyl-triethoxysilane and were
reported as 30 to 45 mesh with a pore size of 375 ˚ A. Since
the beads are sensitive to humidity, they were stored in sealed
containers in a cool, dry place until use.
2.2. Immobilization. Laccase was immobilized on the CPC-
silica beads using a method reported previously [25]. First,
8g of beads were immersed in 2.5% glutaraldehyde in a
stoppered ﬁltration ﬂask and put under light vacuum forEnzyme Research 3
2 hours in order to degas the beads and allow as much
bead surface area as possible to be coated with aldehyde
groups. Subsequently, the beads were thoroughly washed
with pH 5 buﬀer (prepared as described above) and then
immersed in a stock laccase solution (i.e., 200mg of laccase
in 200mL of buﬀer prepared the same day) for at least
18 hours at 4◦C. After thoroughly washing the beads with
buﬀer again, the beads were rinsed with 0.5M sodium
chloride in order to prevent sorption of the enzyme onto
the beads, since only the measurement of reactions catalyzed
by covalently bonded enzyme was desired. The beads were
again thoroughly washed with buﬀer and then immersed in
2.5mg/mL glycine for at least 18 hours at 4◦C. Once again,
they were thoroughly washed, ﬁrst with buﬀer, then 0.5M
sodium chloride, then buﬀer, and ﬁnally stored in buﬀer at
4◦Cuntiluse.Allreagentsusedintheimmobilizationprocess
were made in pH 5 buﬀer.
2.3. Chemical Analyses. Tracer studies were conducted
in order to determine the mean-residence time of the
immobilized-enzyme reactor system and the time it took
for the reactor eﬄuent to reach a steady-state concentration.
During tracer studies, the absorbance of the methylene blue
in the eﬄuent was measured using a Hewlett Packard 8453
diode array spectrophotometer that measured absorbance at
a wavelength of 624nm. The inﬂuent and eﬄuent methylene
blue concentrations (i.e., with a maximum concentration
of 6.4mg/L) always fell within the linear portion of the
calibration curve (R2 = 0.999).
TheconcentrationofE2 insampleswasdeterminedusing
a High Performance Liquid Chromatograph (Agilent HPLC
1100 Series) ﬁtted with a reverse-phase column (Zorbax SB-
C18 Column). An injection volume of 20μLw a su s e d .A
carrier phase consisting of 60% HPLC-grade acetonitrile and
40% distilled-deionized water was maintained at a ﬂow rate
of 0.8mL/min. This isocratic ﬂow was maintained at 39◦C
and was analyzed by the ﬂuorescence detector (FLD) for 8
minutes. The FLD was set at an excitation wavelength of
230nm and an emission wavelength of 310nm.
2.4. Experimental Protocols
2.4.1. Reactor Setup. The immobilized enzyme reactor sys-
tem consisted of Kontes Chromaﬂex 2.5-cm inner diameter,
15-cm length columns, ﬁtted with various accessory ﬁttings,
ﬂow adapters, and 1/8inch inner diameter polytetraﬂu-
oroethylene (PTFE) tubing purchased from Fisher (Fair
Lawn, NJ). Tygon 3/32 inch inner diameter tubing was also
purchased from Fisher (Pittsburgh, PA). Additional ﬁttings
to join the two types of tubing were purchased from Mandel
(Guelph, ON). When only low ﬂows or small total ﬂow
volumes were required, the ﬂow was injected at a constant
rate using a syringe pump (Harvard Apparatus 22 models)
ﬁtted with 50-mL glass syringe. When a continuous ﬂow
over an extended period was required, the ﬂow was pumped
using a Waters Millipore Model 510 pump from a stirred and
covered reservoir and into a ﬂow adapter and through the
packed bed.
Thebeadsontowhichlaccasehadbeenimmobilizedwere
placed into the bottom of a column. A ﬂow adapter was
inserted into the column and placed above the beads so that
the beads were immersed in buﬀer and also such that a layer
of 2-3mm of buﬀer and 2-3mm of air headspace existed
above the bed. This resulted in a reactor media volume
of 14.7cm3, and liquid and air headspace volumes of 1.0–
1.5cm3 each. An 85-cm length of PTFE tubing was attached
to the inlet of the reactor. When a syringe pump was being
used to inject ﬂow into the reactor, the end of the PTFE
tubing was further attached by a ﬁtting to 10cm of Tygon
tubing which could easily be attached to a 50-mL syringe.
2.4.2. Reactor Characterization. Before any experiments with
E2 were undertaken, studies were conducted to characterize
the reactor using silica beads (i.e., in their original state
withoutimmobilizedenzyme)setupinareactorasdescribed
above.
The porosity (n) of the packed bed of silane-coated silica
beads was determined according to the water saturation
method. Three trials gave an average porosity of 0.68 ±0.03.
Tracer studies were performed at each of the ﬂow rates
at which reaction experiments were performed in order to
characterize the ﬂow through the reactor and to determine
the time needed for the reactor to reach equilibrium under
each ﬂow condition. For each of the diﬀerent ﬂow rates,
water was passed through the column and, at time zero, a
constant ﬂow of water at the desired ﬂow rate containing
6.4mg/L methylene blue was introduced. Samples of eﬄuent
were taken intermittently and analysed using by spectropho-
tometry. The mean residence time, tres,a n dv a r i a n c e ,σ2,o f
the reactor under each ﬂow condition were evaluated using
a method described previously [26]. These characteristics,
along with each empty bed contact time (EBCT) and the
ideal contact time assuming plug ﬂow conditions (CT), are
presented in Table 1. As can be seen in Table 1, the variance
increased with the mean residence time, indicating that the
ﬂowcharacteristicsdeviatedfromplugﬂowconditionsasthe
mean residence time increased.
Also measured was the time to reach 95% of the
equilibrium (i.e., the eﬄuent tracer concentration reached
95% of the inﬂuent concentration) at each ﬂow rate, as
shown in Table 1. The time to reach 95% of equilibrium
(t95%) was used as a basis for sampling in subsequent
experiments because in reactor systems with low ﬂow rates,
and hence high mean residence times, the time to reach full
(100%) equilibrium was inordinately long. In experiments
in which time was the independent variable, this was not
a concern, as the experiments were conducted for much
longer than the time required to achieve 95% of equilibrium.
Otherwise, in experiments where samples were taken after
the time to 95% equilibrium, triplicate samples, with time
lags between each sampling time, were taken and analyzed
for E2 content.
2.4.3. Reaction Experiments. For reaction experiments, an
inﬂuent stock solution with the desired concentration of
E2 and pH was prepared and continuously stirred in a4 Enzyme Research
Table 1:Summaryofcharacteristicsofthepackedbedreactorsystemwithaporosity(n)of0.68asdeterminedusingtracerstudiesateachof
the inﬂuent ﬂow rates used in all immobilized-enzyme experiments. Characteristics include empty bed contact time (EBCT), ideal contact
time assuming plug ﬂow conditions (CT), mean residence time (tres) and variance (σ2), and time to 95% equilibrium (t95%). Also included
is a measure of the disparity between mean residence time and ideal PFR contact time for diﬀerent ﬂow rates, as expressed by the ratio of
tres/CT.
Inﬂuent ﬂow rate (mL/min) EBCT (min) CT (min) tres (min) σ2 (min2)R a t i o tres/CT (dimensionless) t95% (min)
0.2 73.5 50.0 650 103000 13.0 1400
1.0 14.7 10.0 53 730 5.2 160
2.0 7.3 5.0 24 110 4.7 65
4.0 3.7 2.5 9.8 28 3.9 19
8.0 1.8 1.2 4.8 8.3 3.9 11
partially covered container during an entire experiment. No
signiﬁcantlossesofE2 fromthecontainerwereobservedover
the course of the experiments. Once the pump was started,
sampling of the reactor eﬄuent commenced only after the
system had reached near equilibrium, as had been pre-
determined through the tracer studies described above. For
all samples, 1mL of eﬄuent was collected and immediately
acidiﬁed with 100μL of sulphuric acid to reduce the pH
to below 2.5. This acidiﬁcation step immediately halted
any catalytic reaction that may be caused if some of the
immobilized laccase had leached into the eﬄuent thereby
catalyzing further oxidation of E2 before sample analysis.
3. Results
In order to explore the use of immobilized laccase for the
oxidation of E2 in aqueous solutions, experiments were
conductedtodeterminetheeﬀectsofpH,temperature,mean
residence time, and initial substrate concentration on E2
conversion. Studies were also conducted to study the short-
term and long-term stability of immobilized laccase under
various working conditions.
I no r d e rt oc o m p a r et h ee ﬃcacy of the enzyme at
achieving E2 conversion under various conditions such as
pH and temperature and over time, it was necessary to
ensure that the same quantity of enzyme was available
for each experiment. At present, it is not possible to
ensure that the quantity of enzyme immobilized on a given
quantity of solid media in a reactor column is the same
between experiments. Thus, it was not possible to directly
compareresultsachievedusingdiﬀerentcolumns.Therefore,
in experiments conducted to measure the eﬀects of selected
variables, all experiments were run using the same column.
However, when studying the eﬀect of a control variable such
aspHonsubstrateconversion,itwasnecessarytoensurethat
the enzyme activity in the reactor did not decrease during
or between successive experiments. At present, no enzyme
activity assay is available to directly monitor the activity
of immobilized laccase. However, it is possible to measure
the activity indirectly by passing a solution with ﬁxed pH,
temperature, initial substrate concentration and ﬂow rate
through the column and measuring the conversion of that
substrate achieved under these conditions. If the quantity of
substrate converted by the reactor declines over time, this
indicatesthattheactivityinthecolumnisalsodeclining.This
indirect measurement of activity will be used throughout
experiments discussed below.
3.1. Eﬀect of pH on Substrate Conversion. In order to be
eﬀective as a catalyst in applications involving the conversion
of a target substrate, laccase must not only be stable
under various environmental conditions such as pH, it
must also be able to exert its catalytic action on a target
substrate. Therefore, studies were conducted to optimize the
conversion of E2 over a range of pH. However, given earlier
ﬁndings that the optimal conditions for laccase stability as
well as conversion of phenolic substrates in the aqueous
phase are under slightly acidic to neutral conditions [10, 12,
15], the eﬀect of pH on immobilized laccase was studied over
a limited pH range of 4 to 7.
An experiment was conducted in which 10-μM solutions
of E2 were prepared in buﬀers ranging from pH 4 to 7 and
passed through the reactor in order to assess conversion
of E2. The initial concentration of the stock solution was
measured using HPLC. Between experimental runs at each
pH, a solution of E2 in pH 5 buﬀer was passed through
the reactor and a sample of the eﬄuent E2 concentration
was measured in order to ensure that enzyme activity
had remained relatively constant over the course of the
experiment. Thus, the pH experiments were conducted in
the following order: pH 5, pH 7, pH 5, pH 6, pH 5, and pH 4.
Each part of the ﬂow sequence was run for 40 minutes, and
at each pH, a series of three samples were taken, each two
minutes apart. The eﬀect of pH on the conversion of E2 by
immobilized laccase is shown in Figure 1.
The eﬀect of pH on the conversion of E2 by immobilized
laccase follows the same trend as was observed previously
for laccase in the aqueous phase [10]; that is, conversion was
optimal at pH 5, followed closely by high conversion at pH
6. Though the optimum of pH 5 does not fall into the typical
range of pHs for domestic wastewaters, which is from pH
6.7 to pH 7.5 [27], this pH was used for most subsequent
experiments in order to optimize reaction conditions for the
use of laccase. However, some experiments that involved the
measurement of enzyme stability over time were performed
at pH 7, as it has been found that, although conversion rates
tend to be reduced at pH 7, the enzyme was observed to be
more stable in the aqueous phase over a longer period at this
pH [12].Enzyme Research 5
0
20
40
60
80
100
345678
pH
C
o
n
v
e
r
s
i
o
n
o
f
E
2
(
%
)
Figure 1: Eﬀect of pH on the conversion of E2 in the packed
bed reactor. Reaction conditions: 4g dry media, 19.2U/g nominal
activity, [E2]i = 10.0 ± 0.5μM (inﬂuent estradiol concentration),
21◦C, EBCT = 4.2 minutes. All points represent the mean of three
samples taken at 2-minute intervals during the same experiment
with error bars representing one standard deviation from the mean.
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Figure 2: Eﬀect of changing pH on the conversion of E2. Reaction
conditions: 8g dry media, 18.0U/g nominal activity, tres = 9.8
minutes, [E2]i = 10.4μM, 21◦C.
A subsequent experiment was run in which approxi-
mately 10μME 2 in pH 5 buﬀer was passed through the
reactor, followed by a solution of the same concentration
at pH 7, and then again at pH 5. For each period with
ﬂows at diﬀerent pH levels, the eﬄuent E2 concentration was
measured over time. The purpose of this experiment was to
assess the impact of varying the pH in the reactor on the
activity of the enzyme. The results are shown in Figure 2.
Several trials of the experiment were run, and all showed
a similar trend. The results of this experiment demonstrate
that much more conversion occurs at pH 5 than at pH
7, which is consistent with the results reported above in
Figure 1. They also showed that, although step changes in
pH of the solution through the reactor did not have a large
impact on conversion achieved by the enzyme, conversion
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Figure 3: Conversion of E2 as a function of mean residence time for
three inﬂuent concentrations. Reaction conditions: 8g dry media,
18.0U/g nominal activity, at 21◦C and pH 5 with initial estrogen
concentrations, [E2]i,o f( )5 μM, ()1 0 μM, and ( )2 0 μM.
All points represent the mean of three samples taken at 5-minute
intervals during the same experiment with error bars representing
onestandarddeviationfromthemean(notvisibleduetotheirsmall
size).
declined somewhat after the pH was brought back to pH 5
from pH 7. In this experiment, the conversion of E2 achieved
after equilibrium was established at pH 5 was approximately
35%, whereas after the system was exposed to pH 7 and then
returnedtopH5,theconversiondeclinedto28%.Theresults
demonstrate that the step changes to which the enzyme was
exposed caused a moderate decrease in activity.
3.2. Reaction Kinetics. Three separate experiments using
diﬀerent inﬂuent concentrations of E2 (i.e., 5, 10, and
20μM) were conducted in which substrate conversion was
assessed as a function of mean residence time. The results
are shown in Figure 3. As expected, as the mean residence
time increased, the amount of E2 converted also increased.
Only a short residence time of approximately ﬁve minutes
was required to achieve moderate conversion of E2 (e.g.,
greater than 50% in the case where [E2]i = 20μM). This
residence time was used in subsequent experiments because
a moderate level of conversion in the control was deemed
desirablewhenevaluatingtheimpactsofprocessvariableson
treatment eﬀectiveness; that is, under this ﬁxed condition, it
is possible to observe both positive and negative impacts of
other variables (e.g., pH, temperature, time) on treatment.
Figure 4 presents the relative conversion of E2 at a mean
residence time of 4.8 minutes for each tested value of
initial substrate concentration. From this graph, it is evident
that the relative conversion of E2 increases as its initial
concentration increases.
3.3. Temperature. The eﬀect of temperature is an impor-
tant variable to be examined in laccase-catalyzed reactions
because it can have a twofold eﬀect. Firstly, most enzymes
are inactivated at elevated or even moderate conditions of6 Enzyme Research
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Figure 4: Conversion of E2 as a function of initial E2 concentration
at a mean residence time of 4.8 minutes. Reaction conditions: 8g
dry media, 18.0U/g nominal activity, 21◦C and pH 5. All points
represent the mean of three samples taken at 5-minute intervals
during the same experiment with error bars represent one standard
deviation from the mean (not visible due to their small size).
temperature and some can be deactivated at temperatures at
orbelow10◦C[12,28].Thermalinactivationisbelievedtobe
mainly caused by denaturing of the tertiary structure of the
enzymeeitherthroughproteinunfoldingordisruptionofthe
active site of the enzyme [28, 29]. Secondly, according to the
Arrhenius Law, the rate of reaction should tend to increase
with temperature. Therefore, there are two simultaneous
eﬀects associated with changes in temperature in a reacting
system: (1) a change in the rate of reaction over time caused
by thermal inactivation of the enzyme and (2) a change in
the reaction rate due to Arrhenius eﬀects.
Therefore, experiments were conducted to characterize
the ability of immobilized enzyme to convert E2 at diﬀerent
temperatures, as well as to assess the impact of step changes
in temperature on the enzyme’s stability. The ambient
temperature of the reactor was 21◦C. In one experiment,
the reactor was operated at the ambient temperature for
several hours after which a step change in the temperature
of the ﬂowing ﬂuid to 3◦C was made and the conversion
of E2 was then monitored over time for approximately 3
hours. Thereafter, the system was returned to the ambient
temperature and the system was again monitored for an
additional period of several hours. This experiment was then
repeated but with an intervening step-change of reaction
temperature to 33◦C. In both cases, the step change in
temperature involved quickly transferring the reactor to a
room set at the desired temperature and supplying the
reactor with the same E2 stock solution that had previously
been equilibrated at that temperature. The results of these
experiments are shown in Figure 5.
A sc a nb es e e ni nF i g u r e5, the time for the enzyme
reactor to respond to step changes in temperature was quite
brief.Inbothcases,whetherrevertingfrom3◦Cbackt o21 ◦C
orrevertingfrom33◦Cbackto21 ◦C,theenzymeappearedto
returntoalevelofactivitysimilartothatmeasuredbeforethe
step change in temperature. Figure 5(a) shows that reducing
the temperature from 21◦Ct o3 ◦C reduced the activity of
the immobilized enzyme by approximately 20%, whereas
Figure5(b)showsthatincreasingthetemperaturefrom21◦C
to 33◦C increased its activity by approximately 20%. Given
that the enzyme was quite stable under these temperature
conditions,itisevidentthatwithintherangeoftemperatures
observed, Arrhenius eﬀects dominate in the reacting system.
3.4. Enzyme Stability. The use of enzymes immobilized on a
support for oxidation of substrates is being studied primarily
for its potential as a means for reducing the total amount
of enzyme that is required to treat a continuous ﬂow of
contaminated water. As such, an important criterion for
reducing the amount of enzyme required to accomplish
treatment is whether the enzymes immobilized on a support
remain active for a substantial period of time. To satisfy this
criterion, it is essential that (1) the enzyme be stable when
stored on the support for extended periods of time prior to
or between uses and (2) the enzyme be stable under reaction
conditions. Thus, these two aspects of laccase stability were
studied, as shown below.
3.4.1. Stability under Storage Conditions. The results shown
above demonstrate that the pH optimum for laccase-
catalyzed conversion of E2 is at pH 5, but it is also expected
that treatment of E2 would often be required/preferred at pH
7 given that this is more typical of many wastewaters [27]. In
prior studies in which soluble laccase (i.e., nonimmobilized)
wasusedtooxidizephenolinaqueoussolutions,itwasfound
that although the enzyme’s catalytic activity was higher at
pH 5 than at pH 7, its stability was much greater at pH 7
[12]. Thus, an experiment was conducted using two separate
reactors where one was always subjected to pH 5 solutions
and the other always subjected to pH 7 solutions. Each
reactorwasusedperiodicallyfor3-hourrunsovera3-month
period and was stored under conditions of no ﬂow at 25◦C,
with one reactor stored with its media in pH 5 buﬀer and the
other with its media in pH 7 buﬀer.
The results of this experiment are shown in Figure 6.
As expected, higher conversion was initially achieved in the
reactor runs conducted at pH 5 due to the greater activity of
the enzyme toward the target substrate under this condition.
However, a much larger decline in activity over time is seen
in the reactor runs at pH 5, shown in Figure 6(a), than in the
reactor runs at pH 7, shown in Figure 6(b).
3.4.2. Inactivation of Immobilized Laccase under Reacting
Conditions. An experiment was conducted to assess the
stability of the immobilized enzyme over a 12-hour period of
continuous ﬂow of substrate through the reactor. The results
shown in Figure 6 indicated that the enzyme was more stable
(i.e., retained its activity better) under storage conditions at
pH 7 than at pH 5. While it is more likely to be practical to
run an immobilized enzyme treatment system over the long
term at pH 7, it might also be desirable to operate the system
at pH 5 for moderate lengths of time. Two experiments wereEnzyme Research 7
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Figure 5: Eﬀect ofchanging temperature on E2 conversion accomplished by immobilized enzyme for temperature changes (a) from ambient
(21◦C) to cold (3◦C) and back to ambient, and (b) from ambient to warm (33◦C) and back to ambient. Reaction conditions: 8g, 18.0U/g
nominal activity, pH 5.
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Figure 6: Remaining and converted E2 after periodic 3-hour runs of the substrate through an immobilized-enzyme packed bed reactor
stored at 25◦C and (a) pH 5 or (b) pH 7 for extended periods of time. Reaction conditions: 8g dry media, 18.0U/g nominal.
therefore conducted to assess the stability of laccase under
these conditions.
Firstly, the reactor was run for a period of approximately
12 hours at pH 5. The results are shown in Figure 7. A linear
regression ﬁt of the data gives a slope of −8.9 × 10
−6μM
E2/minute, with a regression coeﬃcient (R2) of 0.999. The
very low slope (i.e., a measure of the rate of change of
conversion of E2 by the reactor over time), which is essential
zero given the precision of E2 measurements and other
sources of experimental error, indicates that insigniﬁcant
inactivation of the enzyme occurred over this period of
operation at pH 5.
Secondly, because the results from Figure 6 suggest that
it might be more feasible to operate a reactor of immobilized
laccase over the long term at pH 7, a ﬁnal experiment was
undertaken to assess a reactor’s ability to accomplish the
oxidation of E2 with a continuous ﬂow of inﬂuent at pH
7o v e ral o n g e rp e r i o do f9d a y s .Al o n gm e a nr e s i d e n c e
time of approximately 650 minutes was chosen for this
study. This high residence time was chosen in order to
determine whether a high degree of conversion of the target
substrate could be achieved and maintained at pH 7, which
is not optimal for the enzyme’s catalytic activity, as was
demonstrated above.
The results of this experiment, which are shown in
Figure 8, demonstrate that the signiﬁcant increase in mean
residence time dramatically increased the conversion of E2
achieved by the reactor at pH 7. Moreover, the results8 Enzyme Research
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Figure 7: Stability of immobilized enzyme over a 12-hour period
at pH 5 with continuous ﬂow of E2. Reaction conditions: 8g dry
media,18.0U/gnominalactivity,tres = 24minutes,[E2]i = 11.0μM
at 21◦C.
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Figure 8: Stability of immobilized enzyme over a 9-day period
at pH 7 with continuous ﬂow of E2. Reaction conditions: 8g dry
media, 18.0U/g nominal activity, tres = 650 minutes, [E2]i =
1.86μMa t2 5 ◦C.
show that under the speciﬁed conditions, the immobilized
enzyme in the reactor was very stable over a 9-day period. A
linear regression ﬁt of the data produces a slope of −2.0 ×
10
−5μME 2/minute with an R2 of 0.988. Given the precision
of the measurements and sources of experimental error, the
slope is so close to zero as to be insigniﬁcant.
4. Discussion
T h et r a c e rs t u d i e sf o ra l lﬂ o wr a t e su s e di nt h i ss t u d yw e r e
presented in Table 1. In all cases, the mean residence time
of the nonreactive dye was longer than the ideal contact
time (CT) for an ideal plug-ﬂow reactor, with the greatest
deviation occurring for the lowest ﬂow rate, as seen by the
ratios expressed in Table 1. These results suggest that there
are many dead zones within the reactor, and that the volume
of these dead zones and time spent by reacting solutions
within them increases as the ﬂow rate decreases. The
occurrenceofdeadzonesaswellaschannellingeﬀectsgreatly
impactsthequalityofthereactoreﬄuent,giventhatmuchof
the enzyme in dead zones was not being used to its fullest
capacity. If the reactor were to be optimized with respect
to ﬂow conditions, it is anticipated that the treated eﬄuent
could be of much greater quality. Thus, it is concluded that
the data presented in this study is conservative and the
conversion of E2 at any stated conditions could be greater if
the reactor were fully optimized.
There exist many ways to optimize a packed bed reactor
soastominimizedeadzones.Forexample,theinletstructure
could be redesigned such that ﬂow would be more evenly
distributed as it is introduced into the top of the packed
bed. Alternatively, the geometry and the capacity of the
reactor could be changed. A reactor with a higher ﬂow rate
will tend to decrease the eﬀe c to fd e a dz o n e s .Aw i d e ra n d
longer column could also minimize wall eﬀects. Therefore,
for a desired residence time, the reactor could be optimized
by increasing the ﬂow rate and proportionately increasing
the depth and/or width of the packed bed to achieve the
desired residence time. Dead zones could also be reduced by
employing a medium with diﬀerent size and shape.
The denaturation and consequent decrease in activity
of enzymes at extremes of pH occurs because of folding
of the tertiary structure that has ionisable side-chains [28].
In an earlier study, the optimal pH for the aqueous-phase
laccase-catalyzed oxidation of phenol was found to occur at
pH 6, with comparable oxidation also occurring at pH 5
[12]. In the case of bisphenol-A, the optimum pH was at
5[ 15]. Similarly, the oxidation of E2 and ethynylestradiol
(EE2) by laccase in the aqueous phase has been found to
occur optimally at pH 5 [10]. A third estrogen, estriol (E3),
followsapatternclosertothatofphenol[10].Inallcases,the
conversionofthetargetsubstrateswasoptimalunderslightly
acidic conditions with reasonable conversion being achieved
relative to the optimum in the pH range of 4 to 7.
Similar results to those quoted above were found in this
study: that is, the conversion of E2 occurred optimally at
a pH of 5, followed closely by good conversion at a pH
of 6. From this, it is evident that optimal performance by
laccase would not be achieved within the typical range of
pH for domestic wastewaters, which is from pH 6.7 to pH
7.5 [27]. Thus, in order to maximize performance, the pH of
the inﬂuent solutions would either need to be decreased or
other treatment parameters would need to be more adjusted
to compensate for the lower activity of the enzyme under
near-neutral conditions. The latter of these two options
would seem more feasible and, based on results obtained
pertaining to enzyme stability, preferable, since it was found
that the enzyme exerts signiﬁcant catalytic ability under
neutral conditions (see Figure 8) and the enzyme system
stored over the long term with only short intermittent uses
is much more stable at pH 7 than at pH 5 (see Figure 6).
The greater stability of laccase at pH 7 has been noted
elsewhere. For example, it was reported that aqueous laccase
at pH 5 was moderately stable with an activity loss of
approximately 10% after being stored for 6 hours, while atEnzyme Research 9
pH 7 it was very stable with an activity loss of approximately
3% in the same period [12]. In another study, it was also
observed that the stability of stored laccase was highest
at pH 6 and 7 [15]. Under the storage conditions of the
present study, which lasted three months, a much greater
discrepancy between stability at pH 5 and 7 was observed.
In practical applications, where immobilized enzyme would
most probably be stored for extended periods, perhaps more
on the order of days or weeks than hours, storage at pH 7
would therefore be preferred to storage at pH 5.
Moderate recovery times (i.e., 5 minutes to 1 hour) were
reported for aqueous-phase laccase exposed to extremes of
pH and then brought back to neutral pH [12]. This has
been thought to occur because of tangles formed during
denaturation, which render the refolding of the tertiary
structure more diﬃcult [28]. As seen in Figure 2, there
appears to be a moderate recovery period in the case of
immobilizedlaccaseaswell. Aftertheexpectedtimerequired
to achieve equilibrium elapsed (see Table 1), the conversion
ofE2 continuestoshowaslopingtrend,possiblyarisingfrom
a gradual return to its original conformation, when the pH is
b r o u g h tf r o m5t o7a n dt h e nr e t u r n e dt op H5 .
In addition to pH, the eﬀects of another important inﬂu-
ent parameter, temperature, on the reactivity and stability
of laccase were studied. It was found that within the range
of temperature from 3 to 33◦C, immobilized laccase activity
is positively correlated with temperature (see Figure 5). In
the case of conversion of bisphenol-A by the same species
of laccase in the aqueous phase, it was found that activity
of the enzyme was positively correlated with temperature in
t h er a n g eo f2 5t o4 5 ◦C, and above 45◦C the two became
negativelycorrelated[15]. This suggests thatover a very wide
range of temperatures, Arrhenius’ Law, stating that reactions
increase with increasing temperatures, has a greater impact
than the temperature-induced unfolding of the enzyme’s
tertiary structure. Only when a very high temperature is
reached or exceeded (e.g., 45◦C), does the negative impact
of temperature become apparent.
While, in general, the positive correlation with temper-
ature exists for the reactivity of the enzyme, the opposite
eﬀect is observed when measuring the eﬀect of temperature
on enzyme stability. For example, dramatic decreases in
storage stability were reported with increasing temperature
[12, 15]. Also, it was determined that temperature-induced
inactivation was greater in a reacting system than in a stored
system [15]. While the stability of the enzyme based solely
on temperature was not assessed in the present study, the
practical implications of such results are very important
because the relationship is very pronounced. For example,
due to seasonal variations, most inﬂuent wastewaters in
the United States fall within the range of 3 to 27◦C[ 30].
Thus, although reactivity would be slightly higher at higher
temperatures, the stability of the enzyme would be much
greater during the tertiary treatment of typical domestic
wastewaters.
Although the stability of the immobilized enzyme system
with respect to temperature was not studied over the long
term, the recovery time for step changes in temperature was
indirectly investigated. For example, it was reported that
the recovery times when the nonreacting enzyme undergoes
a step change in temperature were relatively long, ranging
from 3 to 12 hours [12]. Similar to the case of pH, this
recovery time would be due to the gradual untangling of
side chains in the tertiary structure of the enzyme [28].
In this study, however, as seen in Figure 5, there was no
clear evidence of a recovery time period. When step changes
in temperature were introduced to an operating reactor,
the enzyme appeared to achieve a steady activity after the
expected time to steady-state as determined by tracer studies
and no later. This could be due to a stabilizing eﬀect of
the enzyme in a chemically immobilized state. Alternatively,
the data in the present study may not have been suﬃciently
precise to reliably observe a small change (i.e., <5%) in
activity over time.
The importance of stability during storage was pointed
out above, but even more important in practical applications
is operational stability. As seen in Figure 7, operating a
reactor of immobilized laccase at the optimal pH (in terms
of reactivity) of 5 did not result in any inactivation under
the employed conditions. Since treatmentis more likely to be
c o n d u c t e da to rn e a rn e u t r a lp Ha n do v e rl o n g e rp e r i o d so f
time, the results in Figure 8 a r em o r er e p r e s e n t a t i v eo fw h a t
is more likely to occur in practice. At pH 7 and over 9 days,
albeit with a high mean residence time of approximately 650
minutes (EBCT = 74 minutes), no enzyme inactivation was
observed when continuously treating 10μMo fE 2.
A major limitation to using an immobilized enzyme
system for tertiary treatment of domestic wastewaters was
illustrated in Figure 4. Under the studied conditions, the
lower the inﬂuent substrate concentration, the lower the
conversion within the reactor. This likely arises from lower
rates of reaction and slower rates of mass transfer at low
substrate concentrations. Fortunately, signiﬁcant treatment
was accomplished in the immobilized-enzyme packed reac-
tor with reasonable retention times. However, the inﬂuent
concentrations used in these experiments were between 1
and 10mg/L, whereas wastewater treatment plant eﬄuents
have been found to have E2 concentrations between 1 and
24ng/L [23], which are six orders of magnitude lower. Thus,
some other operational parameters would need to be greatly
enhanced to compensate for the expected reduced reaction
rateswithlowerestrogenconcentrations;thatis,thequantity
of enzyme immobilized per unit volume of reactor would
need to be signiﬁcantly increased. In addition, the rate of
mass transfer from the bulk solution to the immobilized
enzyme would be much slower for environmentally relevant
substrate concentrations. Thus, enhanced mixing and a
dense distribution of the enzyme over greater surface areas
would be required to oﬀset these mass transfer limitations.
These represent very signiﬁcant challenges that must be
overcome before the tertiary treatment of estrogens (or
other phenolic contaminants at trace concentrations) using
immobilized laccase can be considered practical.
As an alternative, source treatment could be considered
as an option, though this would represent a very signiﬁcant
change in waste management paradigm for urban commu-
nities. Such a paradigm shift is already being considered10 Enzyme Research
and promoted due to a variety of advantages and oppor-
tunities associated with the source separation, collection,
and treatment of urine [24] .H u m a nu r i n eh a sa na v e r a g e
E2 concentration of around 3μg/L [31], or three orders
of magnitude lower than the experimental inﬂuent con-
centrations. Therefore, source treatment might improve the
reaction kinetics dramatically over what would be possible
with tertiary treatment, but mass transfer limitations may
still prove to be extremely restrictive.
Despite the limitations noted above for the treatment
of estrogens, the results of this work are encouraging since
it has been demonstrated that immobilized laccase is very
stable when used to treat low concentrations of substrates.
Therefore, this technology could also be considered for the
treatment of a variety of problematic phenolic pollutants in
various wastewaters.
5. Conclusions
The objective of this research was to address the growing
problem of estrogens and other endocrine disruptors which
pass unchanged through wastewater treatment plants and
make their way into natural aquatic environments. Previous
work has focused on treating these compounds using laccase
in the aqueous phase. The main objective here was to explore
enzymatic treatment a step further by immobilizing the
enzyme onto a support such that it could be used retained
in a continuous ﬂow reactor instead of being discarded with
treated eﬄuents. The estrogen estradiol, E2, was used as a
model substrate.
The conversion of E2 was found to occur optimally at
pH 5, whereas long-term storage stability was much greater
at pH 7 than at pH 5. Because wastewaters are typically at
or near neutral pH, real applications of the system could be
used under the conditions which confer greatest stability. For
the immobilized laccase system, E2 conversion was positively
correlated with temperature in the range from 3 to 33◦C, and
for step changes in temperature, the system did not show
any perceptible recovery period typical of an enzyme slowly
regaining its conformation.
Kinetic experiments revealed that the contact time
requiredforsigniﬁcantE2 conversionwasrelativelylow,even
in a nonoptimal reactor conﬁguration, which is promising in
terms of larger-scale operations. However, when treatment
was conducted using a variety of inﬂuent concentrations
of E2, it was observed that the rates of reaction slowed
signiﬁcantly with lower substrate concentrations. Given that
the E2 concentrations used in these experiments were 3 to
6 orders of magnitude greater than what might be found in
a real treatment applications, this is a signiﬁcant problem
which needs to be addressed before the feasibility of this
approach can be established. It should also be noted that
the reactor used in all experiments exhibited fairly poor
ﬂow characteristics. Therefore, improving the reactor design
could lead to a signiﬁcant increase in substrate conversion
under all studied conditions.
Themonitoringoftheoperationalstabilityoftheenzyme
yielded promising results. In particular, a reactor run contin-
uously at typical treatment conditions of pH 7 and at 25◦C,
albeit with high inﬂuent E2 concentration and relatively long
contact times (i.e., 10μM, with an EBCT of 73.5 minutes
and mean residence time of 650 minutes), resulted in high
substrate conversion with no apparent inactivation over a 9-
day period. To further assess the feasibility of the treatment
process,thelengthoftimethatthereactorcanbeusedbefore
the immobilized enzyme needs to be replaced should be
assessed. Studies are also needed to determine the magnitude
of the impact of other contaminants in wastewater matrices
on enzyme stability.
The results of this study demonstrate that an immobi-
lized reactor using laccase as a biocatalyst has potential to be
usedinthetreatmentofE2 andpossiblymanyotherphenolic
substrates.
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